Thrust performances in a microwave discharge ion thruster using argon as the propellant were investigated for possibility of alternative propellant of xenon. First, the ion beam currents using a 10 cm class were measured. The ion beam currents with argon propellant are larger than those with xenon propellant at Pi >24 W in the same configuration. The propellant utilization and ion beam production cost are 0.50 and 440 W/A, respectively at 2.45 GHz microwave input power of 37 W and argon gas flow rate of 2.28 sccm. Next the ion beam currents of 2 cm class ion thruster were measured. The optimum mass flow rate is 0.4 sccm, which is larger than that using xenon. This would be due to the smaller ionization cross section and lighter mass than those of xenon. The propellant utilization efficiency and ion beam production cost are 0.73, 750 W/A, respectively at argon mass flow rate of 0.4 sccm and input power of 16 W. This performance of ion thrusters using argon competes against that using xenon.
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Introduction
An ion thruster is one of candidates for primary propulsion of deep space missions because it produces high thrust efficiency with a specific impulse of 3000-8000 s 1) . Long lifetime is also required for deep space missions. A microwave discharge ion source would offer a potentially longer lifetime than a conventional electron bombardment-type ion source, since it would be free from contamination and degradation of electron emission capacity 2, 3) . Indeed, four 400 W thrusters are now being used as primary propulsion for a Japanese space probe "HAYABUSA" exploring an asteroid. It was launched on May 2003. And it succeeded in rendezvousing with the asteroid "Itokawa" in September 2005 and touching down on it in November 2005 after a 2-year flight. Now, HAYABUSA has already started on its return journey and is running to aim to reach the Earth in June 2010 [4] [5] [6] . For ion thrusters, the low ionization potential of the propellant is the better propellant, therefore, mercury, xenon, etc., have been used as the propellant. However, the activated gas, such as mercury, is not compatible with spacecraft due to its condensation and chemical reaction. Therefore, xenon has been the preferred propellant for ion thrusters because it is an inert gas, and because of its high thrust efficiency due to its low ionization potential and large molecular mass.
For deep space missions, the power supply that doesn't depend on the distance from the Sun is needed. Consequently, Nuclear Electric Propulsion System (NEPS), mounting nuclear reactor in space explorer and running electric propulsion system, would be adopted.
7)
The NEPS has some advantages on deep space mission because of its high thrust and high specific impulse, since it produce large amount of power that doesn't depend on the distance from the Sun. So, the priority of thrust efficiency becomes lower than that of specific impulse and cost. Therefore, argon would be better than xenon as the propellant due to low cost and enough supply, although the higher ionization potential of the argon results in an efficiency deficit. In addition, argon has some advantage in lifetime, since its sputtering yield is less than that of xenon when the specific impulses are the same.
The aim of this study is measuring the thrust performance in the microwave discharge ion thruster Copyright© 2009 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. using argon as the propellant. In this paper, we use two ion thrusters, one is 10 cm class and the other is 2 cm class.
Experimental setup
The experimental apparatus is composed of microwave transmission system, evacuated system and ion thruster. The frequency of microwave generator used is 2.45 GHz. A 0.6 m diameter by 1 m long vacuum chamber was used in the experiments. The pumping system comprised a cryo-pump and a turbo molecular pump. The background pressure was maintained below 5× 10 -3 Pa for most of the operating conditions. Argon gas (99.99%), high-pure krypton gas(99.999% pure) and high-purity (99.999% pure) xenon gas were used as the propellant. To supply and control the propellant mass flow, mass flow controller (BROOKS 5850S) is used. The extracted ion beam was estimated as the current through the screen power supply minus the current through the accelerator power supply. The validity of this method was shown in our previous study. 8) A neutralizer was not used in this study, as there is little difference between the extracted ion beam current without a neutralizer and that with a filament neutralizer (= 0.2 mm×100 mm, 2% thoriated tungsten). There are several candidates for the neutralizer of this thruster, including a field emission cathode, 9, 10) a filament cathode, a internal conduction cathode, 11) and a microwave discharge cathode. 12) A miniature microwave discharge neutralizer is under development, although it has thus far shown poor performance. 12 ) Figure 1 shows a 10 cm class microwave discharge ion thruster developed at Kyushu University 13, 14) . Emitted microwaves from the emitting antenna can be distributed to any antennas in the radial-waveguide. A receiving antenna can be set up in anywhere, and the distribution ratio of microwave power can be controlled by changing the antenna position, the length, and the diameter of the receiving antenna. The receiving antennas emit the microwaves in the discharge chamber and the emitted microwaves heat electrons. The thruster itself can be insulated electrically from a microwave generator, since coaxial cable is insulated from radial-waveguide. So, the thruster can reduce the number of parts and can be miniaturized. There would be little dissipation of the microwave power in the radial waveguide, since there does not exist standing waves by our numerical calculation.
15) The diameter and the length of discharge chamber are 105 mm and 25 mm, respectively. The length of discharge chamber is 25 mm. Magnetic circuit is formed by samarium-cobalt (Sm-Co) permanent magnets and yokes which are made of soft iron. It has two magnetic tracks formed by two lines of the Sm-Co magnet on the base yoke and one line on the side yoke due to expanded distance of magnetic tube, as shown in Fig.2 .
The antennas are made of Mo (1.5 mm in diameter). They are set on an electron cyclotron resonance (ECR) layer in a magnetic tube between the magnets, as shown in Fig. 2 . A grid system for extracting ions from the discharge chamber is composed of a screen grid, an acceleration grid and a deceleration grid. The grid configurations are the same as that of Laboratory Model in MUSES-C 3) . The geometric parameters are shown in Table 1 . The gap between the grids is 0.5 mm and the ion beam diameter is 105 mm.
The cross section of a 2 cm class miniature microwave discharge ion thruster is shown in Fig. 3 . The inner diameter is 21 mm and the size of the thruster is 50 mm×50 mm×30 mm. The ion source consists of a magnetic circuit, which has several Samarium Cobalt (Sm-Co) permanent magnets and iron yokes. The magnetic flux density in the discharge chamber can be changed by changing the numbers of the permanent magnets. Microwave power at 2.45 GHz was fed through a coaxial line and into an antenna. A star antenna is used, since it showed good performance in our previous study. 16) The antenna is inscribed in a 9 mm diameter circle and is made of molybdenum. The thickness of it is 1 mm. The tip of the antenna is inserted into the magnetic tube formed by the magnetic circuit. A DC block with a loss of 0.43 dB at 2.45 GHz was inserted to protect the microwave amplifier. Flat circle grids were used to extract the ion beam. The geometric parameters are shown in Table 2 . This geometry was designed using a numerical analysis code developed by Arakawa et al. 17) The grid is made of molybdenum and ceramic cylinders are used as the isolators between the two grids. The gap between the grids is 0.2 mm and the ion beam diameter is 16 mm. The screen grid and ion source were biased to +1,000 V with respect to ground and the acceleration grid was set to -200 V.
Results and Discussion
In order to evaluate the performance of the ion engine, ion beam production cost, ε c , propellant utilization, η u , thrust, F, specific impulse, I sp , and thrust efficiency, η t are defined as,
Considering the exhaust-beam divergence and the effect of doubly charged ion, γ T is defined as,
α and θ b are assumed to be 0.15 and 10 degrees, respectively. 18, 19) Thus, in this study, γ T is estimated as Figure 4 shows the relation between incident microwave power and ion beam current. The ion beam currents with argon propellant are small compared to those with xenon below 24 W. On the other hand, ion beam currents with argon are larger than those with xenon propellant at P i >24 W; I b with xenon propellant and argon one are 69 mA, and 77 mA, respectively for P i ＝ 32 W. This would be due to the following reason. That is, in the case of argon, electrons can get enough energy whole over the discharge chamber, since less neutral density and smaller ionization cross section than xenon will not prevent electron energy gain processes. Therefore plasma emission from the discharge chamber is uniform as shown in Fig.5 . Though the ionization potential of argon is high, it can be compensated by high incident microwave power. Therefore, ion beam is increased with increase in the incident power. These results suggest that there are optimum magnetic tube lengths, i.e., the distances between magnet lines for variety of propellants and its densities. Overall, the thruster performance for argon propellant with P i =37 W; propellant utilization efficiency, ion beam production cost, estimated thrust, estimated specific impulse and estimated thrust efficiency are 0.50, 440 W/A, 2.8 mN, 4200 sec, and 0.34, respectively. Figure 6 shows the relation between incident microwave power and ion beam current for the three gases at i m  =0.03 sccm. For P i =10 W, the ion beam currents of xenon, krypton and argon are 13.9 mA, 11.3 mA, and 6.5 mA, respectively. That is, the ion beam currents with xenon are the largest among the three, and those with argon is the smallest of all, and these are reasonable due to the difference in the cross section of the ionization and in neutral number density. However, the ion beam currents of argon are almost half of those of krypton. This poor performance of argon would be due to the lower pressure inside the discharge chamber. The conductance with argon through the grid is about twice larger than that of krypton, since the mass of argon is twice lighter than that of krypton.
10 cm class ion thruster

Miniature ion thruster
Therefore, the dependence of mass flow rate (i.e. pressure inside the discharge chamber) on thrust performance was investigated. Figure 7 shows the relation between incident microwave power and ion beam current for four mass flow rates. As expected, the ion beam currents increase with increase in mass flow rate. The ion beam currents, however, becomes saturated beyond 0.6 sccm at P i >12 W. Too much mass flow rate doesn't improve the thrust performance. In this configuration, the optimum mass flow rate is 0.4 sccm. For krypton mass flow rate of 0.4 sccm and P i of 16 W ion beam current is 15.2 mA. On the other hand, ion beam current for 0.4 sccm argon and P i of 16 W is 12.8 mA, this is good performance considering the difference of ionization cross section between argon and krypton. The optimum mass flow rate using argon is higher than that using xenon, 0.2 sccm 16) , this would be due to the smaller ionization cross section and lighter mass than those of xenon. Figure 8 shows the thrust performance of the argon propellant for three flow rates. The propellant utilization decreases with an increase in mass flow rate for a given level of power, since specific energy decreases with an increase in mass flow rate. Though ion beam production cost decreases with an increase in propellant utilization below 0.3 for all mass flow rates, this would be due to the low microwave-plasma coupling. The thrust performance of the miniature ion thruster with argon as the propellant, that is,  u ,  c , F, I sp and  t are 0.44, 1,200 W/A, 0.34 mN, 2.9×10 3 sec and 0.18, respectively at m  =0.4 sccm and P i = 16 W. The magnetic field configuration, magnitude and profile of the magnetic field, should be optimized in order to improve the thrust performance of this ion thruster using argon as the propellant.
Ion beam currents are measured using an ion source with longer magnetic tube than that shown in Fig.3 . The magnetic field profile of this ion thruster is shown in Pb_122 Fig.9 . The magnetic tube is about 16 mm, which is about 3 times longer than that of the previous miniature ion thruster. Figure 10 shows the ion beam current of improved ion thruster for xenon gas and argon gas at m  =0.4 sccm and V b = 1000 V. When propellant is argon, a hysteresis was observed. The ion beam current suddenly jumps up to 13 mA from 5 mA at P i =around 11 W with increase in P i , however, the ion beam current suddenly drops at P i = 9 W. Microwave-plasma coupling is changed with this change; the reflected microwave power at low coupling is about 3 W at P i = 10 W, while that with good coupling(ion beam current is large at this condition) becomes almost 0 W. This critical incident power decrease with increase in mass flow rate; it is around 12 W at argon mass flow rate is 0.3 sccm and 7 W at argon mass flow rate is 0.6 sccm. These results shows that if plasma density is enough high, this hop will be appeared.
As the results in 3.1, the ion beam current using argon is larger than that using xenon beyond critical incident microwave power, and the ion beam current achieved 20.8 mA at at P i = 16 W, while that using xenon is 16.6 at the same condition. The reason of this reverse tendency is the same as that in 3.1, that is, too much mass flow rate suppress the electron temperature in the discharge chamber, because of the increase in collision frequency.
Overall, the thrust performance of the miniature ion thruster with argon as the propellant, that is, This performance shows that the argon competes against xenon as the propellant for miniature ion thruster, though the best thrust performance with the configuration optimized for xenon 20, 21) is still superior to above performance. 
Summary
The thrust performance of ion thrusters using argon as the propellant was measured for the possibility as the alternative propellant in ion thrusters. Two class ion thrusters, 10 cm class ion thruster and 2 cm class were used.
First, the ion beam current of 10 cm class was measured. The ion beam currents with argon are larger than those with xenon propellant at P i >24 W. This would be due to the difference of electrons energy. Since the frequency that electrons cross through the ECR layer is different between the two gases, because of the different mean free path. This means, the optimum magnetic tube length using argon is longer than that of xenon. The thruster performance for argon propellant with P i =37 W; propellant utilization efficiency, ion beam production cost, estimated thrust, estimated specific impulse and estimated thrust efficiency are 0.50, 440 W/A, 2.8 mN, 4,200 sec, and 0.34, respectively.
Next, the ion beam currents of 2 cm class ion thruster were measured. The optimum mass flow rate is 0.4 sccm, which is larger than that using xenon (0.2 sccm), this would be due to the smaller ionization cross section and lighter mass than those of xenon. The thrust performance of the miniature ion thruster with argon as the propellant, that is,  u ,  c , F, I sp and  t are 0.44, 1,200 W/A, 0.34 mN, 2.9×10 3 sec and 0.18, respectively at m  =0.4 sccm and P i = 16 W. This performance is thus far inferior to those using xenon. For improvement of the thrust performance, the antenna shape, magnetic field strength, magnetic field shape, among other factors should be optimized.
Last, ion beam currents of the miniature ion thruster with long magnetic tube are measured in order to improve the thrust performance of miniature ion thruster using argon. The ion beam current achieved 20.8 mA, which is 1.6 times larger than that of normal type. This is almost the same performance as the best performance using xenon in miniature microwave discharge ion thruster developed at Kyushu University, though this ion source is inadequate for small power range(for example, P i <12 W at m  =0.04 sccm.) ECR layer (B= 0.0875 T at 2.45 GHz)
Pb_123
Overall, the thrust performance of the miniature ion thruster with argon as the propellant, that is,  u ,  c , F, I sp and  t are 0.73, 750 W/A, 0.57 mN, 4.9×10 3 sec and 0.37, respectively at m  =0.4 sccm, V b =1,000 V and P i = 16 W.
these results shows that the possibility of argon as the alternative propellant of xenon. There is still some room to improve the performance of miniature ion thruster, such as grid parameters, antenna shape, magnetic field strength, magnetic field shape, among other factors.
